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The thermal emission of the Moon obearved through the 84.4 micron 

window in the earth's atmosphere prcwidt?d evidence of tho erYlFmOZts diurnal. 

surface temperature variation on the  moon even t o  the earlled'borkers 

t h o  field of infrared Motaspetry (Rosse, 3869; Verg, 1898). Ihe 

eclipse coolhg observations of P e t t i t  axxi Nicholson (l.930) comtitnted 

the first direct evidence af! the anexpectedlg hi@ thermal. Lasnlatfon 

ubi& dmracferizes ths &ennost m e r  of the Moan a& which sat off 

spc?culation regard- the nature and snbsurface structure of theee sfralgc 

s e a c e  materub. 

followed & Sinton (sa), matie ths major discovary that a t  le& same 

bright r-ed craters cool more slowly dprrXg an eclipse than do the sur- 

ropndiag areas. 

~ 8 8  the first defirdte evidence of horizontal varfatiolle in the bulk 

mi& properties of the lunar surface (as disthguished from the vari- 

attom irr strictly surface properties lfbe albedo and color) and mwt 
be regarded as the beginning of real geophysical e%plOratfon of the lunar 

surface. 

 ore recently shorthil l ,  BCZOP~P, and conby (W), 

!i!hfs discovery of locally more condactiva surface depos&ts 

Durw 1961, an effort uas initiated at Caltcch t o  exploit, for 

8 8 t r O d C a l  purposes, the h3gh Fnstrunaental seasitivi' potenti8Uy 

available w i t h  neuly-developed photocondndive detectors semitive out 

t o  lh microns alri beyond. A priBlasy goal was, sad cosdiinUea t o  be, the 

investigation of 8-14 P thermal embsion of the b n ,  partictiLarIy a~r ing  

the 1 .  Wtth *en iraportallt vertical as w e l l  as horfiontal var.lsfioxxs 

in thermal properties may be evidenced. A prelbbary report of o m  



8-l4 microo emission observations into the first 160 hours of tihe lunar 

nighttime appeared rccelitly as a brief wte (Murray and W i l d e r g ,  1963). 
In the present paper those observations are described in f u l l  and the 

evidence of krth horisontal and vertical  variations in thermal propertha 

of the 'Innar &ace discussed, Also it i s  pointed out that theae neu 

thwmal observations, aloxg with recent radar obervations, are stroagly 

suggestive of uurface redhtrlbubton processes presently active on the 

lunar surface. 
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Ihe  eqaipment and site used for the collection of tho lumr obser- 

vattozm are descrfbed in & t a n  ~eetphal, -ray, ~IXI %rts @%3, tn 

pre88). Ihe basic element of the @otomtrIc ggstem l a  a mrcury-duped 

g e ~ m  Natoco*ive ceu*at the apex of a conical cavity ai& is 

mainbiaed at lisufd hydrogen temperature ( - 20°K). An f/l$ (3.8') 

beam of radiation fram the p r h r y  mirror l a  Wected In to  the cold 

cavlw w a Fabry hm colrrtructed of baritan f lor ide  nbi& produces a 

real irPag0 a!? the prbwy mirror on the cell. An interfereme filter 

within the  cavifylcermblmd w l a  the Mrhic  cut off of -ele- 

w the cell serrritivity, restricts the effective photon fInx a~ -9 f/15 

beam t o  the interval. 8 - Ik microns as shm in pigarc? 1. 

total %ackgrouxrin radiation falling onto the ~Crtoconductive d a c e  

from the %uta a t m e r e ,  tehscope conpoaents a d  suzrcmdirgs, (together 

w l t h  the coaeequent photon noise) is restrtcted t o  a tw fraction of that 

aich wodld 3.np-a on, for instame, a blackemd tbernml dPtector oper- 

ated a t  ambient tenperatme, I h e  doped-germenium phCrtocondnctor mounted  

in this fashion u a noise-equivabat-par approachizg 2 x l o%at t c l ,  

Le . ,  abaat l.00 t imes smaller than that of a good thermal detector operated 

uIxier normal clramstames. Further sophistication of equ%pment eventually 

may lead t o  a nobe-equivalerd; power approach- lO-kttS. 

Th.llls the 
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Spectral respome of the photometer nomtmmed t o  mean value of 
Unity. 
Naval Ordnance Research hboratories, COTOM, California. 

Original aeasurearenta were obtained thr- the  courtesy of the 
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IXI front of the cold cavity is a focal plam aperture. me f/G 
beam of radiation from the prjnmry mirror is made t o  form a rea l  image 

on this aperture 

F m e  2. 

pondirg t o  17 secorrla of arc at the focal brgth used. lhue the phCrto- 

meter presents the Fabry IPIB with the f / s  radiation emanating frcun a 

17 second of arc circular area in the  focal plant=. The inreg. placed on 

the focal plalle cuaphragm is, in effect, d t c h e d  the photawter at  

180 cps from that of a sn&l portion of the luner marface t o  that of an 

equal argalar area of aky bsLde the moon an3 back a g a h  lbe Switch- 

ie closely wsquarsluave" and does I& innrolve aqr iraag~ motLon .  the^ cell  

thua "seeN the prfipary mirror  fhc tua te  i n  brightmss at  180 w. Ihe 

aternafion in tota l  incident 8-4 micron ratation between the two hslvee 

uf the awitchixg cycle leads t o  a well phased-locked square-wave voltage 

fluctuation which ia arsplifted, ggrrchrorrously rectified and recorded on a 

atrip chart recorder. 

the photoco&ctive cell is not knam t o  depart from a comtarrt rnonochrol 

matic responsivity within the intsxmi.ty r a m  of the present obervatiom. 

Heme, the deflection on the d r i p  chart recorder can be directly related 

t o  the Wferemo in  kreident radiation between the two halves of the 

switchirg cycb, Le., t o  the irrtellsity of &a lunar radiation in +he 

8 4  micron Werval, reduced 

losses . 

meam of the dual-beam @mhmeter must ra ted  in 

A 0.6 nnn aperture m s  used for the lunar observat%otle COrrt?S- 

The spectral respome of the m e n  ia known and 

atmospheric a d  telescope trarn3mbsion 

B e  photometer was used at  the f/% "bent" caascgrain focw of a 

portable 20 inch telescope designed and fabricated especiaUy for l w  

bfrared oberervation. 

Wibon and Palomar Observatories. 

The f/2 primary was made available by the M O a n t  

All mirrors were gold-surfaced because 
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Schematic diagram of optical paths through double-beam photumeter. 
Calibration mode lndicated by dashed lines. 
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published data (Allen, l9%; Earria and FaulPr, 1961) W c a t e  that 

gol&mrfaced mirrors should bo superior t o  alum-urfaced o m s  in the 

8-lh mScron region. 

atilbimg a prefabricated dom at an ehvation of l2,8001 onMhlte Mo\re 

t a b ,  Californb. White Mountain ia east of Biahop, California, near* 

8% the ~evada urn with 

of cal~ard.8 operate8 a his;h-altltude research station *re rpakiog it 

collpeaient olso for our operatiom. frrnar observatioar disctwaed ib 

this paper were collected there during August and Sepfenbr of 1962. 

'lhe telescope w89 located in a m a l l  observatorg 

- UBO w axxi 4 - + 37.5'. me university 



b) Formal Relationships and Callhation Procedure 

To develop the formal relatiomhips, we shall begin with the 

deflection a d  proceed %ac1!mardt~, at3 in a). 

D = GVo 

uhers: C = Deflection on s t r ip  chart recorder i n  volts. 

0 = Electronic gain through a l k a r  e lec t rosb  sy8tem. 

Vo * Average AC output voltage of c e l l  chmhg integration 
time of electronics and recorder, between 0.1 sec and 
1.0 sec. 

Since the modulation (choppirg) period, l/l80 sec., is very Slnau 

compared t o  the electrode integration time, 1/10 t o  1 sec., but very 

10- conpared t o  the Wrtae ic  time comtant of the cell ,  10 4 8ec., and, 

further, since the modulation i s  close3y "square wave", 

*ere: = AC output voltage of ce l l  due t o  modulated imide& 
radiation averaged over the idegrat ion period. 

= Average AC output voltage during il;tegration tlme 
vcn from c e l l  due t o  other sources, Le., Johnson noise, 

microphonic effects, current noise, etc. For the 
applicatiom of this paper, Vcn <c bab and w U l  
not be included further. 

The monochromatic responslvity RX of phdoconductive cel ls  is a 

function not only of ce l l  temperature and in t r imic  c e l l  properties, but 

also of the abackground" flux (smith, Jones, and bsmar, 1957; Brat%, ef a., 
1961). No nan-liaearity has bean detected over the raxge of backgraplld 

fluxes emuuslared in efther the 



* observatioral or calibration modes of the present investigation . 
Accordingly, the  rehtionshkp between incident radiation and output 

voltage is: 

uhere: r - 8 - a ~  responsivity (a cormstant with units of volts/watt). 

SA = Normalized spectral respome (See vigure 1). 

WX(A),WA(B) = Wider& flux during two parts of chopping cycle. 

where: - - ~ransmission coefficient of telescope (but not photo- 
meter). 
ation factor for the secondary mirror. 

Included i n  this coefficient is an o b e m  

A = Area of focal plane aperature. 

sh = Area of primary mirror divided by square of effective 

%(Tb) = Spectral brightness corresponding t o  lunar brightness 

focal Length. 

temperature in the 8 4  Cr regton, Tb. 

zenith distaace of obesrvation. 
EA(Sec Z)= Atmospheric spectral trallsmhsion corresponding t o  

IQ+s(t) J =  Imbalance d i s p m d  on recorder arising frau hmtaxxt- 
e m  differences in sky and telescope emiSs5om as 
viewed through t h e  two beams. Q is the mean value 
(during a particular obesrvation t b )  and q ( t )  3.8 the 
random (but not "white mise") time fluctuation. For 
the observations in question, Q >> q(t) ,  a d  is alw 
measured by looking a t  the sQ only w i t h  both beam. 

It should be noted, however, that direct sSmulation h t h s  hbrabry af 
t h e  k i d s  of signal and background fluxes emourhered in lunar obeerva- 
t ioas through the telescope is beyorit our present capability. Coneeqaexxtly 
we are, i n  effect, exbrapolating determinatiom of responsivity rather than 
ilaterpolating them. 

9 



FinaUy, if SA is krmun and an atmospheric tranemission model as8ML8d, 

oae can define, 

b (Thy Sec 2) = r%(Tb) EA(Sec 2) 1 dx 
8cl  

The function N (Tb, Sec 2) for  the SA of Figure 1 arrl. the atmos- 

pheric transmission model used in the reduction of the present obeer- 
IS vations (Figure k ) m s h a w n  in Figure 3. 

for the net deflection (W), amming q(t )  to be smaU, is: 

Accordingly the relationship 
c. 

The calibration mode of the photometer provides a meam of v- a 

watsr-ice black-bocty cavity and a liquid nitrogen black-- cavity 

through the same so l id  a x l e  as is subtended & the primarg m i r r o r .  

the deflection (D-Q) corresponding to  273% can be observed directly. 

Accordbgw, 

Thus 

subetituting, one gets, 

quanbities, and Figure 3, the calibration curve, relates the E (Tb, Sec 2) 

t o  the 8 - W 1- br@trwsa tempratare. 



10.01 I I I I , I I I - 

‘SEC Z= 2.25 

SEC 2 = 3.06 

Calculated resporse of photometer t o  radiation from extended 
objects outside atmosphere. 
various paths l e e o  are also included. 
ized t o  that for 273 K and m atmospheric transnission losses. 

Atmospheric transmission losses for 
The response has been normal- 



c) Transmission Losses and Wimafes of Accuracy 

me spectral trammission of the a t m e r e  in the 6-14 e o n  

region hatit been the subject of both theoretical a d  obeervational imes- 

tiggtion for nmqv years. Hayever, mither the  dependence of tzartinction 

on zenith distance, nor the rarge of variability in extinction that can 

be expected are findly established at the preeent tim. Faacthernare, the 

ref lect iv iw of our gold-sudaced wirrars appears t o  be appreciably lomr 

than the !99% suggested bs published data (Harris arri Fowler, 1961). It 

would be desirable t o  haadls such trammission loosee bgr use of dghtly 

determbation of e x t i d l o n  arrl reflection lossalr frau obeervatiora of 

Wtxmdarda planetary ar stellar obj~cts. UIfortuYlfe ly ,  o m  o m  posrribL3 

"staldard" ob3ect (Jupiter) waa available for ttae With our 20a h b 8 C a p e  

a t  Wite Hmurbain, mxl the! 

8 4 4  micron hightress tetqerature of Jupiter. Accordingly, a nrOdif3.d 

form of the extinction model of Slnton and Strollg (1960, a,b) was used. 

Despite the limitation of beirg able t o  obeerve only o m  %tardardw 

celestial  object, the repeated observatfom of Jupiter mer a moderate 

range of secant zenith distance provide a measure oT the WtIy variabil- 

ity of collibined d t m t i o n  and calibration errcrs, as w e l l  as a meam of 

detectiqg aqy gross systematic error in &inction, 

no indepeI&llt knowledge of the actual. s4. 

I h c ?  Sinton aad Strong extinction node1 u t i l i z ~ s  a square-rod 

dependeace on t he  secant mnith didiaace. 

atmospheric tramissfon meamred at Mnurt P a l m  (elevation 579Q ) for 

a secant zenith distaace of 2.25 is shown as the lawer curve in 

Ihe  spectral dWrFbutfon of 



Figure 4. In order t o  appraxinmtaly interpolate their  results t o  the 

White Mountain site (elevation 12,800') we have applied a simplified* 

transformation: 

where: Ap(A), %(A) 6 Coefficients of atmosphere trammission 
for Palomar axxi White lhmta in  , respectively. 

P P ,. Ambient pressure a t  Palomar and White Motmtain, 
P' respective*. 

The resulting trammission curve fs &awn as the upper curve In 

Figure k. E r b M i o n  coefficients f o r  values of ather secant zenith 

distances have been obtained analogously am3 the result8 incorporated 

in the N (TbJ Sec 2) curve shm InFigure  3. 

The random errors Mroduced @y using an assumed extiaction model 

rather than an obaerved one can be roughly estinrated from the nightly 

variations in the apparent brightaess tempzr-ature of Jupiter. This  observed 

variance imludes, in addition, a measurable variation in respoasivity 

of the cell. Also, Jupiter sham strong limbdarkening (in subsequent 

200 iach obeervatiom uith the same photometer and cell)./at mite Mountain 

the focal plane diaphragm f o r  lunar observattons was abaut 1./3 the size 

S*a 

of the planetary image, there was considerable variance in 

the deflection arising from inexact cedering of the Jupiter image on the 

dhphragm, a problem not characteristic of the lunar observations. 

theless,%he observatiom of Jupiter f m  l2 different nights yield a 

Never- 

- - - - - * This transformation ignores the dFfferentia1 effects of pressure broadenlx& 
the existence of which is implfed ly the square-root depedence of the l;aw, 

-c a -  l l  
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Atmospheric spectral transmission f o r  2.25 air masses. me open 
circles is t h a t  reported by Sinton and Strong (1960 a,b) for Nount Palomar, 
and the f i l l ed  c b c l e s  is that assumed in the prosent papsr f o r  Uhi t c?  
liourttain. 



mean value af 126OK w i t h  a standard deviation of + 2.3% when reduced 

in the same malIIler as were the 1-l.p" asureme yc%ordi@y, we take 

+ 3 O K  at 128OK t o  be a reasonable upper l i m i t  for the nightly 

random error in the lunar observatiorrs. I n  additfon, there are a t  least  

two obvious sources of systematic error. The first is the abrapolation 

t o  secant zenith distaace * 0 which is quite serrsitive t o  the fumtional 

form of the aenith distamo dependence. 

- 

T 
- 

The second is the real  tram- 

mission kXI6 Within %he telescope. In  the reduced Jupiter data there 

a slwt trend for the apparent bri@tnees temperature t o  increase wffh 

increasing secant zenith distance M i w t i n g  that  the deflectiolle may 

have been overcorrected for  supposed extinction loases. 

eliminated, or possibly even slightly reversed, if 110 extinction correction 

a t  a l l  is used. The mean value of the brightness temperature i s  reduced 

7OK by this procedure. 

may be systematically too hi@ up t o  perhaps 5%, for  a temperature of 

I 2 8 O K ,  because of extinction Overcorrection. 

assumed the transmission coeffic5.en-t of the telescope (includixg the 

secondary mirror) t o  be uniq.  

0.94* even if the mirrors had the 9% ref lect ivi ty  indicated i n  the liter- 

!&is trend ts 

It seems possible that our reduced lunar values 

On the other hand, we have 

ActuaUy it could be no larger than ab& 

ature. 

s5m-r t o  those on the telescope suggest a reflectivity of ab& 0.93 

Rough measurements h t h e  laboratory of gold-surfaced mirrors 

lead- t o  an estimate of about 0.8 for p . Such an instrumental trans- 

mission loss, nat a U m d  for  in t h e  data reduction, lea& t o  brightness 

temperatures sgstematicaUy too LYW by 2.5% a t  128%. The two primary 

sources of possibb systematic error thus have a conpensating effect on 

* c he obscuration dae t o  the secondarg mirror is about 4%. 



the reduct.ion procedure used for the  lunar observatiorrr discussed ia 

thia paper. Accordil3g3ly 2 5% ia adopted as the likely upper ulait of 

gyatematfc errors am3 + 3OK as the l i k e l y  upper Umit af randau niept- 

to-night errors in the lumr observations presented here. 

- 

Systematic 1 - + S0K I I (40% iin flux) 
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FineUy, we can cormsider the differential accuracy of a given 

scan and the rnininnnn detectable temperature of the entire system. 

?%raination of the tracings of actual s t r i p  chart records shown in  

Figures 6 and 7 shm both a "white" noise originating witlhin the c e l l  

ttself a& also a d i s t i m t  pattern of fluctuatiom i n  tlie 10 - 100 sec 

period rallge. 

These " 1 ~  frequency" fluctuations arise from no-stationary 

emission originating in the telescope and i n  the atmosphere as viewed 

ly the double-beam photometer. Scan is included t o  i l lustrate  a 

aght &en this law frequency noise wa8 particularly strong, In general, 

the low frequency noise was the limiting mise for the determination of 

temperatures on the lunar scam a d  resulted i n  a minimum detectable 

brightmss temperature of about 1.05~~ for a s m a ~ .  area on the moon. 

the differential  accuraq Ln temperature measurement of a given man is 

generally limited t o  a deflection read- correspoadillg t o  105%. I n  

terms of signal-to-noise ratio the di f fe ren tm accuracy (or "readirg" 

accuracy) i n  temperature is illustrated by the follaring table, d- wived 

mua 

D- L ACCURllCP 03' SCANS 

Lunar bri#rbness 
temperature (OK) n o h e  ra t io  

Appr ox h a t  e signa 1-t o- 

105 

us 
lJ.6 
155 

1: 1 
2.5:1 
6.5:l 

l2.5:l 
24:l 
43: 1 
69:l 



lhsre is M electronSc W e g r a t l o n  in the above data;  the^ effective 

low pass f i l t e r  of the system is tihe recorder itself, with t b  constant 

of about J/!I sec. 

the same Fn each of the scans. 

It should also be noted that the vertical scale is 

, 



a) Introdpdion 

%e oksemstioxm dssctrrrsed in thkp paper were obtained on the 

niefits of 21-22, 23-24, and 24-25 AagPgt, and 22-23 Setpl%~i?~r, 1962. 
Trachqp of 8- of the original. strig chart records are shown inFlgure 

60 

mt aSCeIm%On 8cam mre begun juut mmrard of the eve- terplkretar 

axi carried acro88 most, or all, crf the shadowed 1- m a c e  811d then 

The scan track of all the oboemtioxm uaed are plotted in m e  5. 

reversed in direction dil the termimtor waa agah crossed. The rever- 

8 d  p o w  was far emugh from the termimtor that the lunnr terpemtme 

uaa u8ualJy belaw the @em nobe level ad, heme, the reversal. pol& 

could be taken t o  be a peasur-lrt ab Ws&y o w  t o  provide a deflection 

mro rea-. ‘Bw refereme beam of doubls-bean sgstem ma ahrqa 

either on the  s 4  or on a part of the dark moon far emugh fran the 

ferpliaator t o  have m detectabh emission. 

w89 moved off the m n  before axi after most of the scam t o  prcrrride 

additional zero deflection read-. 7 3 ~  m*colacfdeme of foaward end 

reverse scam ia due t o  the motion of the moon in dwlination. We were 

unable, therefore, t o  repeat the -0% geographic cmerage of each CICBP, 

which l a  0118 reaaon w& the ammalous featurea illnstrafed fn F-e 6 

do nrt reproduce exactly between tha left and r&ht sldes of the figure. 

B e  War spacial resolution of the masurement, all- for diffraction 

a d  aeebg, ja 26 secoads of arc, correapodix)g t o  about );o law, at the 

subearth point of‘ the lanar d a c e .  

In addition, the telescope 

2: 
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we 21-22 1982 
22.0 DAYS 
I I h U.T. 

AW 24-rn mo 
2ao O N $  

13h U.T. 

AW 221-24 I962 
24.0 O N 8  
13h U.T. 

SEPT L2-23 I062 
23.4 Dm8 
I2h UT. 

Locatiorms of lunar right ascension scam discuased i n  this paper 
with date ani time of observatiom and age of moon. 
skarirg of the scan lines between ni&ts is an effect of plotting onto 
a single lunar projection comesparding t o  a somershat different libretion 
than each of the individual nights. 
are reproduced i n  Figures 6. 

'.be systematic 

Scam identi%ed a roman numeral 
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I+--- I M I N . 4  RECORDING TIME SCALE 

FIOmZE 6 

!hac- & atrip chart recordixgs of voltage deflection VS. t i m e  
for scam h i a n d  i n  Figure 5. 
are also sham in the vertical scale. 'Ihe time base of the recordislgs i s  
sham aloqg w i t h  a scale i l lustratiq the argular displacemati i n  seconds 
of arc. 
is off scale on the trachgs, but is located M c e  in each acan betmen 
the abcissa points at the very beg- and and- of each scan, *ere 
the recorder pen was "pegged", and the points where the deflection was a 
maximum and on-scale. 

Reduced brightness teqeratures in ?S 

me terminator, w i t h  a brightmss temperature of 200% or greater 
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l c - I  MIN- RECORDING TIME SCALE 

0 PHOTOMETER 
REVERSE 500 RESOLUTION - FORWARD SECONDS 0 

FIGURe 6 (continwd) 
Scans I, I1 and vI1: have been broken i n  order to facilttate press&- 

atfon here. 
The letters A and B refer respectbely t o  definite and t o  probable or 
possible ammal5F?s 

The arrow denotes a characteristtc abrupt change in slope. 

2 ;  



Accurate, continuous determination of positlon of 
imageofthe 

the focal plaae aperture w i t h  resped t o  themllmninated lunar surface 

wformtdabh)' The positional information required t o  p r o b e  Figure 5 
was obtained taking 35 ma photographs a t  the beginuing, reversal ax3 

a roblem. 

endirqg point8 of each scan through a small firrder telescope. A re t ic le  

i n  the optical t r a i n  of the finder provided a crosshair pattern superpoeed 

on the lunar image. 

visually through a separate eyepiece, were aligmd t o  correspord wlth 

the phcrtomter aperttrre position by iitettilg on/snmu prcmdnaat llltladnefed 

lunar crater. Additional photographs were sometimss taken a t  the tine 

These crosshairs, which could also be observed 

a 

of crossing a praminant temperature anomaly ald served t o  better plxpobt 

related posftiorrr. 'Dm positional errors resulting fram the difficulw 

in reading posttiorrs accurately on such low resolution photographs are 

8ignF'icant, but probabfy do not correspond t o  more than 2-3 t k s  the 

geographic resolation, In 8ome 1135tance9, however, the setting of' the 

finder w i t h  respect t o  the photometer was disturbed and a systematic 

shift introduced. SiaCe additional check photographic positiorrs were 

usually acquired during the run such sgstematfc errors could saagethes 

be corrected. However, sgstematic positional errors of perhaps 5 times 

the resolution q still persist. 

2 3 
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b) Variation in Brightness Temperature with Selenogrm fc  Imgi tude 

Scam I through have been selectsd t o  i l laetrate  not o d y  

typical scans, but also local anomaUes, the effects of poor obeerving 

conditions, and the effects of variations in latitude and phase angle. 

'Ihe general form of the variation of brightness temperature w i t h  longitude 

persists, however. It is characterized three feattlres: (1) A very 

steep gradient (pelaaps even steeper than indicated because of a e f b i t e  

photometer resolution) i n  the first sa degrees (12 hours) or so W o  the 

lunar aighttinm, (2) ~n most cases a rather abrupt chaxge, i n  the temp- 

erature range X?OoX - aso K,to a mare moderate slope, and (3) Cod- 

ued decrease in brightness temperature until the system mise level of 

IDS% (referred t o  outside the atmosphere) is reached. 

In  Figure 8 the forward and reverse halves of scan I have been 

averaged and replotted in a linear diagram of brightness temperature 

vs . A 

characteristic of brightness tenperature VS. longitude elsewhere on the 

longitude. me form of the curve in Figure 8 8e81118 t o  be s-*ic 

lunar surface except that  the temperature a t  which the gradient becomes 

mre moderate is lower a t  higher latitudes and at la ter  lunar ages, and 

the temperature seem t o  f a n  blow the 10s'~ limit after a s u t  horter 

duration of ltlp~~ nighttime in thesecases. 

tendency for the change in gradient t o  be somewhat more abrupt at higher 

latitudes (i.e., scans 111 axxi 911). 

There also seema t o  be a 



c) Local Anomalbs in Brightrpss Tmperatnrs 

As is i l lustrated in scans IV, V, V I ,  and VIU, aIlomslotislg %otn 

The tom ammalous is used here in a geopcllysical 8ejllse, region8 occur, 

Le., dellating a local departure from a regional pattern of variation af 

a mica1 quantity. Class mAn amaaalies, comi&red t o  be definite 

evidence of a local varlation in surface them1 properties, are those 

in  which a clear reversal of slope occ-mred on both t h e  forward ami 

reverse portio= of the scan. 

probable or possibla evidemss cxf anrrmeloua t h e d  proport%ea, include 

those in which o d y  a flattenhg was obeerved M e a d  of a clear reversal 

or tn which the feature did not reproduce ea t i s fadar i ly  on both the 

fcruard and reverae parts of the scan. 

Class nF anoaaslba, regarded either 88 

The upper part of Figure 7 shaws tills locations of the ammalie8 

smambered on the scam of Figore 5. 
an i r d a  map. 

anamaliea around Tycho and Copernicus and also class B a m l i e s  i n  two 

otherwise urriistiqpished areas along mare borders. 

on individual scans, a t  least in t h e  case of Tycho and Cupernfcus, are 

definttely part of an association of anamalaas thermal pruperties of hrger 

geegraphic s ize  than either of the rayed craters In question. Also the 

anasnalies intersected on a 8-le scan, 1.9.) my V, VI, or VR3, are 

gemrally larger than the photmeter resolution, and, W e d  e l b i t  COP 

siderable structure. 

The lower part of .th- figure 18 

It can be seen t h a t  thoro 8re groupings of definite 

IAe anomali~s detected 

Ihus, it appears that a t  least -0 aad 



S 

N 

FIGURE 7 

Locatiors of anomalies i n  8 - l.4 brightness temperature detected 
i n  scam shown in Figure 5,  along w i  d lunar index map. Solid l ine 
squares are definite anomalies, q n l e s  of uhich are indicated by the 
sgnrbol A in Figure 6. 
annnalies, example of which are iadicated the symbol B in Figure 6. 
%e number insids the aquare i s  the approximate IOrmiber of hours since 
passage of' the terminator. 

Dashed line squares are probable or possible 
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Coparriicus are each associate2 with 8 complex of anomalies, not just 

a single anomal,y identical with t h e  crater i t se l f .  It shoul6 be noted 

that since there is evidence of detailed structure below the photometer 

resolution as w e l l  as overall size Larger than that  resolabion, the 

apparent peak tgmperature e r r cde red ,  f o r  example moK i n  scan V, 

is only a lower l i m i t  For what the real brfghtness temperatures or some, 
what 

perhaps significant, portion of/that 50 km circular area may include, 

A thorough search was made of the rycho area near first quarter, 

Le., %I2 days irrto the  lunar Wttime, without aqy lunar radfation 

detected. 

The two ammalow regiorrr in  t h e  mare border area bcth have a few 

It may small rayed craters that may be associated vrth the anomalies. 

well be that thermal anaraalies are geaeraUy characteristLc of bright 

rapd craters. 

29 
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I I I 1 I I I 
0 20 40 60 80 100 I20 140 160 HOURS 

04 Photometer resolution *. 

FIGURE 8 

8 4  P brightnsss tenperatma va. lunar longitude (and t i m e  since 

Forward and reverse halves of the deflections on that scan were 
passage of t ednator )  reduced from deflectioas of scan I, A u g u s t  21-22, 
1962. 
averaged t o  eliminate effects of aw l b a r  base liae drm. 
reprssedi inaividual2y reduced data p o b t s .  Also sham in  dashed lines 
are theoretical lunar snrface tgmperature VS. time curves on3arged 
from Jaeger (1953) adjusted t o  pass through the 170% point of the obser- 
ved curve. The lower dashe9 curve is that derived for a sale! "thickR 
insulating layer of ( k e c ) - 2  =i@OO. 
case M an 0.9 cm W e r  of such material on top of a more conductive ( / + e c f L h >  
layer. 
ature i n  Jaeger's analysis. 

Circles 

Ihe upper dashed curve is for the 

The thermal propertlps were assumed t o  be i&pende& of tanper- 
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a) Irrtroduction 

In order to interpret the obeervatione jus t  dimussad, the relation- 

ship of obeerved bri@tmss temperature t o  actual lunar surface temper- 

. ature must be atamimd 

8-1L micron radiation from the %on need resemble exactly that of a 

black- in spectral distribation, absol.uk Fptslrpity or dirt?dtoxml 

variation. 

ures fram b l a c w  conditiom. 

docEs resemble a black- stlrficieatly t o  permit t he  present br@tnesa 

temperature obaervatfone t o  be cormidmad 8s Xmaaur~merxts of 

temperature within ths obeervat,ional accuracy limitatiora alrsacty .dbcaesed, 

In reality, there h no a przori reaaon the - 

Several. lines of evideace pennit an estimate of lunar depart- 

It w i l l  b seen that the Moon very proberb3y 

81pf.Ce 

accept in th.9 &rem limb regiom of the Moon. 

The? overall spectral distiribution of thermal radiation eaanatbg 

from the Moon shows the effects both of an %mraaaa in transparency with 

wave&- and of a time-deperrdent vertical temperature gradient. Whereas 

t h e  t h  variation ctf the infrared l~#rbnesa temperature Fs totally 

dominated 

(Sinton, m) ahow M detectable lunar phase effect UiCatSlg. that the 

optical depth charactadstic of such wavelength correspords t o  a pbys-1 

depth w e l l  belaw the region of diurnal tenperatme variation. 

in tramparcmy of the surface materia- within the 8 4  micron rsgion 

itself 

fine, (aro~na 5 microm or anam) and, if th0se grains are fragments of 

crgstal l im or cryptocrystalline s i l icate  m5sr?rals. Sil icate mimrab, 

the diurnal (lunar) variation in insolatton, 21 cm observatioas 

Variatfoas 

be apected if the particles a t  the Very &8CC were &rem* 

I 
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uhlch make virtua- the a t i r p  crust of' the earth, are charactsrbwd 

strong absorption barrls in the 8 4  micron region corraspondtLIg t o  

resonmxm crf the duferent forms of s l l i con-qgen  bod- within the 

crgstal  l a t t i ce  (bum, U9). In the conwerztIod measurement of these 

abeorption bands in the laboratory, the mdneral is powdered t o  5 microm 

or lass i n  grain ai% and deposited as a very thin lqyer on a sodium 

&laride in an infrared apectramter. The temperature gradieXrt 

within t h e  surface laprs of the Hoon appears t o  be so steep a t  tiI1Q38 

tha t  the brightness temperature i n  the 8-9 micron reglon 

%cant% different than that ia the %lo micron region &ere a atrong absoap 

t ion  band connonfy/presant;. Zven asmmixg favorable conditiorrr, however, 

a departure from black-body endssion ar is i rg  from this mechanlm c a m t  

be e m c t e d  t o  prodace effects comparable t o  the estimated ni@t-to-ni@t 

a& S g s t d i c  errors discussed in section It. On the  other had, the 

possibilitg cannub be errtirely rejected that wpak tempwatum ananalies, 

like sowe of those af the "3" category of section III, might arise from 

a local concentration of a mineral suite w i t h  msrhdly dffferenli absorption 

characteristics than fihose of t h e  surrodhg surface msterials. It does 

seem prudent a t  this stage of our knowledge - and igmrance - of the  mOOn 

t o  leave open the lnterestimg possibility of such minor departures from 

black+- (am3 even grrgr-bo9) emission of lunar surface materials. 

be sfgnW= 

is 

Another characterbtic propew of sflicatea leadiw t o  a possible 

demure from black-body emission wa8 of coIIcern t o  Pe t t i t  and Nicholson 

(1930). 
and 

This Fs the propertg of s h a c e d  r e fbc t iv i tg  of slabs,/to a 

lesser extent, of c ~ a r e e  aggregates uf' quartz and ather 

anmalaas reflectivity arises f rom a d¶.sturbalrce of tihe 

si l icatc?~.  This 

inbx of refraction 



gemrated 

at  slightjy Shartnr uavelellgtha. !5e  reeldual rqy r d h c t i o n  d i b i t e d  

w smooth marfaces of Qrrarts aild ofher crymtaUlm -ea ma the baala 

of the first inPrared flltera, the Rubas plates, a d  haa continued in 

m e  thraugP the recent wark ai! Sinton atd Sbroxg. P e t t i t  axxi Nicholson 

(1930) tested the aaSrrnption that t&e -n*e &ace d i b i t e d  a redpced 

emiusiviw (Integrated over 8 4  ntcrornr) ut a comequeme of the rmidnal 

ray phe~m~exrr. 

be marly unity, Within the accuracy & t h e i r  work, Inorder that the 

bightms tenperatare of the Sabeo~er point / exceed that themeticaIJy 

possible on fhe basis ab 8- heat* a d  reradiation, 

oat thaf this didact make s3Ucatm aw less likely CadIdatea for majar 

comtltuenbe ab the hmr surface, baf merea req.llired that &e mfatierial 

be In pudered form, a resalt afready required 

Valuabh mu data have been obta- recerrtly w IJrom (1963) perta- 

t o  &part=- from b l a c w  embsion $r e l l ic r te  aggregirtea. 

(W60) farurl if eo dif'f'lcult t o  recoacile the observed ani expected bright- 

mss tenperatme8 he even proposed occasionally e,rhamed solar radiation 

inorder t o  rectify the apparent discreparrcy. 

Is  a black-- emitter t o  a first apprazhmstton in bath spectral dmri- 

button a d  absolute irrterrrity, but m q  have small - am3 extremely Importax& - 
departures mhich can be irmestlgated w l t h  more aemitlve eqaiplpext. 

.ule a m  resonames which catlse the abeorption b a d ,  but 

aZegr ahwed that the  embsivify af' the hrrwr m a c e  must 

rrof - 
!l!hey 00 polnted 

the ecllpse coo- data. 

Sinton 

It seems clear thgt &e €loon 

The no-lamrbert character of the lumr infrared radiation tws faand 

$r Pettit (1935), in t-sequence ohsematbzm ab the specific i n t e m i ~  

at  the spbeolar point. airs effect mpaor be priplarily a r e d t  of mamas- 

coplc rou&mss and related shadafbg, al*@ugh it should be lloted in 
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fcal Signfficance af fhe _Loagttudinal Variation of Snrface 

The variation of nightthe &ace temperature with longttude on 

the Moon can be comfdered t o  be a measure of the time variation of 

tenperatwe a t  a swb potrxt in ttre a h e k e  of ~ g e  scab geogra*ic 

var i a t to r s  in thermal properties. 

ereme8 a r i s a  fran miriatiom in a h d o  are dnmped out so quick& 

Ixieed, the initial temperature diif- 

that no effect ia apparent on the scam as the contact between amre and 

upla& areas ¶a crossed. Accordirgly, the two halves of scan I were 

averaged ( to  eliminate fs1FI effects of aqr linesr error in b e  I-) and 

plotted in pigure 8 ~8 a farrctioa of 6eknographic loIlgitude ani also as 

a M i o n  of time siaca pasesgc! of the terminator. Figure 8 thus 

reprecrerrts tihe portton of the coo- curve of an "average" equatorial 

area on ti€& Moon far the first 160 ham or so of the Ituar n%&ttime. 

The daytime portion of the coo- curve has been measured previously 

(Geoffrion, Korrsr, and Sinton, 1960; P e t t i t  and Ni&olson, 1930), but 

the ni&ttime portion previously had t o  be estimated fram the hi@r 

tmperatnr- eclipse cool- okservatfom. 

are only Fnflueaced 

meters of  the m a c e  at the nost a d  t e l l  us l i t t l e  more than that thin 

Ihe eclipse cooling obeervatiom 

the therxnal properties of tho uutemost feu milli- 

skin 3s an e x c e q  good thermal inmlator. Ihe present obaervatioxm 

extend well into t h e  lunar ni@ttimF! ard provide the first direct m e s -  

t k a t i o n  of tihe thermal propertbs of the Moon in the depth rargn of a 

feu millimeters t o  a few centimeters. 

made waveleagths as short as 1.5 nm (Sirrton, 19551, but 

pro'mbly still see "thrm&" the layers presently be- discussrlcl. 

Mtcrowave obserrratiolrs have been 
3% 

ObserwMom 
4 

In 



-34- 

particular, the nighttime cooling curve can provide direct evidence of mrtical 

and horisontal inhaaoge$ties. The problem has been investigated theoreti 
dsc& 

i ca l ly  (seefirefernnoes at  end Sinton, 1962); VB find the analgsia of 

Jaeger (1953) to  be the most useful for purposes of qualitative comp8risoa 

of o m  obsemtluns w i t h  8lntpI.e models. Jaeger coiuputed both the lunatlcm 

coollng curves 81Ld eclipse cooling curves for a tbick lapr of ~terial with 

various talm9s of ( V C ) ~  w b r e  k i s  tlm thennal conductivity, e tbe 
density and c the specific heat. Be found tb.t a valw of ( l c p ) a  of about 

loo0 ln calmies (Ipd cgs un i t s  best satisfied the ecllpse cooling obser- 

vations of Pettit and Nicholson (1930). T h i s  corm8ponds to a raltw, of 

kQ" about 2%l tiums muller tLran that of consolidated rock atad is oaaSiats3Dt 

w i t h  the concept of a porous powder consituting fhe very outer skin of tb 

Hooaa, He also coesidered the c888 *re tbis aldn I s  lsss fll(p3 a eantinater 

thick sud is underlain by a thick W r  of mare cmductlve raterial wlth 

tberral properties s i d l a r  to ooasolldated rock, Isysrs 8ubstautially 

thioker than a few centimeters &gemrate into a single Zager case. In a l l  

his calca.ations & c a l d d e 2 d  am thermal. eoodtulctl'ty to be eansteat uithia 

. 

each ms reulumfbag, however, that a temperature-dependent conductivity 

might actually be the case. Without specific information on such a depen- 

dence, more refined calculatiuna provide l i t t l e  additional enlightant. 

Two of Jsegezlrs cprp~a have been enlarged from his pmbUc8tians entailing 

8- loas in accuracy, but without change in ass\tpqptions. They a m  reproduced 

in Figure 8 for compMam. 

pass through the 170% point of tb observed curVe. 

that the obaerved curve bmds to re8BmblB tbs two lapr model In tbs abruptueas 

of thechange j l l  $&$knmd &O%, but falls to an asymptotic lower tamp= 

erature l i m i t  closer to the a i n g l s  m r  case. 

ne%- curve fits a t  all mil. 

Both have been arbitrarfly shlftnd in tim to 

It can be readfly seen 

Humver, It is char that 

In facts it may not be posaibU to explain 

q -  
9 3  iJ 
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t he  observed curve with any kind of layering; no matter what assumptions aFt 

made, houever, a homogeneous layer of porn3 dust of centimeters to meters 

t h i c k n e s s  is clearly ruled out. 

It may be that horizontal variations i n  conductivity arising from bare 

outcrop or boulders on the surfaoe is an attractive alternative. 

configuration could probably produce at  least as good a f i t  as can the vertical  

variation model  without exceeding the lo$ or so limit t o  the areal extent of 

meter wavelength scattering material imposed by radar Dbservations; (Evans, 

1962). 

be exposed at the surface or within a few centimeters of it over most of the 

Moon. 

areas in this regard, a result of considerable importance t o  theories of dust 

on the Moon since it wuld now swm possible for there to  be significant amounts 

of porou8 dust OJ& if t h i s  is mixeduniformly with blocks of consolidated rocks 

Le., resembling a breccia. 

surface if an equilibruim existed there between rock consolidation processes 

and rock degradation processes (i.e. impact). 

Such a 

I n  arly case, it can be concluded that conductive material must either 

I n  particular there appears t o  be IW) difference bettrsen m a r e  and upland 

Such a deposit might w e l l  characterize the lunar 
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c) Geological ImplicatSom af Local Temptwature Antmalies 

Far more caaaplete ani accurately positioned infrared observatloxm - 
and also s p e c i a l d  laboratorg studies - wifl be reqnired before a 

qaantttative fxlterpretation of the thermal properties of the local anarnallea 

can be carried Oat. For the prespnb one can only discuss the* S i g n i f -  

icance in a nost qualitative men so, these observations have strong 

fmplicatiorrr regardimp; the nature of geologtc processes operative on 

tho lunar surface, 

I h e  local departures fran the gerrsral pattern of longitude-&pe&& 

out as a cause of t h  prese~ly-obeem~d local anomalies bcause of the 

ellDFmQLIs power requirements t o  maintain aach large surface tempexatme 

differemea over tens or hundreds of m c ,  kilometers. Also, thR "gcho 

ammliea.,at leastlappear t o  disappear durbg the nighttbe,  as ucnild b 

expected of diurnal heat- aad cooling, Near -0 a d  Copernicua, these 

anomalous surface deposits appear t o  be distributed somewhat irregularly 

over an area considerably larger than the r q e d  crater i t se l f ,  n e s e  same 

rwd  craters displrgy a l m e r  daytime temperature - due t o  h-er albedo - 
than do the m a U n a i x g  areas (Shor thU and Saari, 1961); hence the  

arrm~alolrs n ig ih f th  temperature phenmenon does not reflect in aqy way 

- 

differences in total absorbed dayt.fme solar radiation. 

slgnjficaxIt fraction of tbe surface within and about these two mostr prola- 

It iS clear that a 

ixm& a d  very probably "recerrt" lunar impact craters is not ccmered wLth 

the same mat the highly b u l a t i x g  dust which charachrbes the 

great proportion of the lunar surface, It is likely, however, t h a t  a t  

6 )  -' 
t r  
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bast a very thin vemer of' &a& is s t i l l  present; crtherwlse, corres- 

pond- a d i e s  in visible polariz;ation (Dollfusl w, 1962) and 

would also characterize these same craters. 

confacfivc. material is cmercd by only a thin lgsRr, perhaps lese than 

one 1 in thickrress ut the  extrc?n#a duaf. Near* W e  

collsolidsted rock outcrop 18 thas suggested( hludlng in thh term can- 

pacted and cemented dust or dust aad @act debria as well as crystalline 

rock) or possfbu a &me dtstribtrbion of large blocka. Also, seco- 

Heacr, It aet3m~ like& that the 

lailllmetor 

3 

1 3 

coas ibrabb  exposurea of coraolkhted rock. A very rough &ace on tho 

meter scale in the vicinity af Tycho, aad by analog Copernicua, is strorgly 

suggeded quite idepederddy the radar observatiom & PettengillA(1963). 

In general the lunar surface fs quite smooth a t  radar wavelergths (Evans, 

3962). 811 of this adds ap t o  a picture 

%W 

a t  a l l  incompatible w i t h  8me 

of the geological details  apected by Shoemaker (W62) axxl athers t o  

characterize large bpact strncfnres on the M o o n ,  However, some interestbg 

questioas come t o  mhxi then o m  considers &at geological processes must 

be involved in order t o  tramform thL r o e  laxdscape of virtnaUy unal- 

tered rock surface8 into the very smooth, irsulatad, and darker landscape 

which characterizes most of the other, presumabw more aged, lunar craters. 

RadiatFon damage mqr ~ 1 1  be the aplanation of the darkening, but dmt  

transforms the surface fram rot@ to smooth on a meter scale and how do the 

fresh rock surfaces become covered with irrsulatixg materbl? Clearly a 

redistribution process opera t i e  over a t  least 10 meter rarges must charac- 

terize fhe lunar surface. A seemhga S b p h  

Wt sedimenbation ia going on axrd the rough, 

wqy out is t o  assert that 

fresh, structures are s w @  
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I 

1 

buried i n  the course of t i m e  (Gold, 1955). But as was discussed i n  the we- 
ceeding section, the longitudinal temperature rar ia t ions  observed jwt  don't 

seem t o  be compatible wi th  a widespread unconsolidated dust layer thick emWh 

t o  bury meter scale roughness making up tb surface of a struoture w i t h  kilo- 

meter scale relief. 

dust  sedimentation? 

actual ly  result i n  greater erosion than sedimentation (Shoemaker, pr ivate  

oommunication), 

should be bare, elevated areas providing the sedissnt  t o  f i l l  i n  the newly- 

formed impact craters (ignoring the problem of what really is the hypothetical 

transport  mechanisol). 

during the lunar n i g h t t a .  

appreciable extent. 

Furthennore, what is the source of t h i s  hypotheticd 

Cosmic i n f a l l  dossn*t seem to be suf f ic ien t  and aay MU 

If the source is thought t o  be the Moon itself then there 

Such bare surfaces m>uld appear as large Qot" regions 

Y e t ,  c lear ly  no such bare areas exist t o  any 

There are, i n  addition, other very serious difficulties t o  both the  

cosmic infa l l  notion and the concept of lunar sedimentation involving trans- 

portation over distances of tuns of kilometers. In  par t icular ,  the  d i s t inc t  

pattern of albedo variation i n  the mare areas and the  s m a l l ,  b u t  apparently 

real, color  differences i n  the mare areas ( C o p ,  1963) sew t o  reflect loca l  

differences i n  underlying rock. 

be obl i te ra ted  by any kind of large scale redis t r ibut ion of surface material, 

Many of these and other d i f f i c u l t i e s  cran be avoided if the weathering, erosion 

and sedimentation processes on the Moon are imagined t o  take place i n  s i t u ,  i.e., 

not involving redis t r ibut ion over distances greater than, s a y ,  about one kilo- 

meter i n  general. 

Such differences i n  surface deposits would 

Problems involved i n  understanding the present s t ructures  characteristic 

o f ,  and geological process operative on, the lunar surface w i l l  not be pursued 

fur ther  here. O u r  in tent ion has been merely t o  indicate  some of the perplexing 



t 

, 

geological implications of the anomalous thermal and microwave properties 

now known to be ass*ted with 80- if not all rayed craters, and by the 

general departure of the nighttime cooling curve from the form predicted 

by simple m o d e l s .  
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v coIvcLusIoNs 

1. The general var ia t ion with longitude of nighttime surface temperature 

on the Moon seem to be M i n i t e l y  incompatible with the presence of a wide- 

spread uniform dust layer of neters thickness suoh as might be thought t0 

or ig ina te  by cosmic i n f a l l  or other mechanism. 

apparently is commonly present either on the surface or within a f e w  aenti-  

meters of it. 

2. No night t ias  temperature difference was found betweem mare and upland 

areas; the  pattern of vertical and/or horizontal  inhomogeneity of thermal 

properties is apparently independent of  the major physiographic character 

of the  Moon. 

t ransport  i n  the form of fine particles, f r o m  the  u p l d  t o  the  mare. 

3. 

lain by not more than about 1 nm of dust. Two such occurrences are associated 

with, but are l a rger  than, the rayed craters Tycho and Copernious. Two other,  

less prolainant, occurrences on mare border areas may - or may not - be related 

t o  small rayed craters. 

4. 

a change from "fresh" to  insulated surface conditions and, according to  the 

radar observations of  Pe t tengi l l  (19621, a change from a very rough surface 

t o  a smooth one on a meter scale. Although the visual  darkening effect r i g h t  

be dismissed simply as a radiat ion damage phenomenon, the smoothing and insu- 

l a t i o n  effects require weathering, erosion, transport, and sedimentation pro- 

cesses t o  be operative on the present lunar surface at  least over a range of, 

s a y ,  10 meters. 

5. 

More conductive raterid 

This observation appears to  rule out any s igni f icsn t  net mass 

Locally thewe are extensivw occurenaes of more conductive laaterials over- 

The ageing process of the rayed cra te rs  not only involves darkening, but 

The geological processes d a h  transfora rough and fresh t e r r a i n  t o  
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t o  sraoth and insulated terrain 

must be of local extent, p b a b l y  less than a kilometer i n  range and pos- 

sibly very much less. Accordingly the redistribution processes appear t o  

be bracketed i n  the .10 t o  1 kilometer range. 
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